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a b s t r a c t
Results of a detailed numerical analysis of an n-heptane/air edge ﬂame are presented. The equations of a
low-Mach number reacting ﬂow are solved in a two-dimensional domain using detailed models for species transport and chemical reactions. The reaction mechanism involves 560 species and 2538 reversible
reactions. We consider an edge ﬂame that is established in a mixing layer with a uniform velocity ﬁeld.
The mixing layer spans the equivalence ratios between pure air and 3.5. The detailed model enables us to
analyze the chemical structure of the n-heptane edge ﬂame. We identify major species proﬁles, discuss
reactions causing the heat-release, and exploit Computational Singular Perturbation (CSP) to discuss
the main fuel-consumption pathways and the structure of explosive modes in the edge ﬂame. This analysis is performed for several regions in the edge ﬂame to discuss the different processes at work in the
premixed branches and the trailing diffusion ﬂame. We compare different cuts through the 2D edge ﬂame
to canonical 1D premixed and diffusion ﬂames. We also analyze the accuracy of a skeletal mechanism
which was previously developed using CSP from homogeneous ignition calculations of n-heptane and
show that a signiﬁcant reduction in size of the mechanism can be achieved without a signiﬁcant decrease
in accuracy of the edge ﬂame computation. This skeletal mechanism is then used to study the effects of
increasing the equivalence ratio in the partially-premixed fuel stream.
Ó 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction
Edge ﬂames are important ﬂame structures occurring in a large
variety of premixed and non-premixed combustion systems. They
exist in spatial regions in which a premixed, combustible mixture
has been established and propagate in the direction of stoichiometric mixture composition. Edge ﬂames consist of a premixed ﬂame
front and a trailing diffusion ﬂame. A special case of an edge ﬂame
is the triple or tribrachial ﬂame in which the ﬂame front is made up
of distinct lean and rich premixed branches. Depending on the type
of fuel and the exact mixture composition, the lean or rich
branches can be degenerate.
In the laminar ﬂame context, edge ﬂames are found in jet ﬂames
and play an important role in the lift-off height of lifted jet ﬂames.
Edge ﬂames can also be created in opposed-jet burners [1,2]. In
turbulent combustion, edge ﬂames can be found as well and are
of importance, for instance, for the development of ﬂame holes.
For an extensive review see the works of Buckmaster or Chung
[3,4].
The computational resources that are available today allow the
study of the chemical structure of edge ﬂames for complex
⇑ Corresponding author.
E-mail address: jprager@sandia.gov (J. Prager).

hydrocarbon fuels in full detail. These calculations unveil information about processes important for the propagation speed, such as
differential diffusion effects, but also enable us to study the different reaction pathways active in different regions of the ﬂame structure and, even more importantly, their interactions. As a canonical
ﬂame structure, edge ﬂames share features of premixed propagating ﬂames but also diffusion ﬂames. The details about the interplay
between these two different combustion modes in edge ﬂames of
complex fuels, their dependence on fuel and ﬂow parameters,
and their parametrization are still an active ﬁeld of research [4].
Moreover, computations of single edge ﬂames using a variety of
fuels, mixture fraction proﬁles, and ﬂow ﬁelds lead to important
insights on their properties that are necessary to gain a deeper
understanding of more complex combustion phenomena such as
lifted laminar jet ﬂames or turbulent combustion, e.g. [5–7].
Over the past 10 years, great effort was put into numerical simulations of edge ﬂames focusing on their structure using detailed
reaction models. Starting from studies of hydrogen and methanol
ﬂames in mixing layers with uniform velocity ﬁelds [6,8] to burner-scale laminar edge ﬂames of methane [1,2,7,9–15], ethane/ethylene/acetylene/propane [16] and heptane, conducted recently
[17]. Aspects that have been studied numerically are fuel-consumption pathways, sources of heat-release, NOx chemistry, and
propagation properties and their dependence on ﬂame curvature,

0010-2180/$ - see front matter Ó 2011 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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2. Numerical model
The numerical scheme is based on the time-dependent lowMach number approximation of reactive ﬂows. Buoyancy and radiation effects are neglected for this small-scale study. We use the
DRFM (’dipole reduced formalism’) transport model in the mixture-average formulation [22] and a detailed reaction mechanism
of elementary reactions. A detailed description of the numerical
procedure can be found elsewhere [23–25]. We use the detailed
n-heptane reaction mechanism of Curran et al. [26,27] which consists of 560 species and 2538 reversible reactions. This reaction
mechanism has been developed to model the oxidation of n-heptane in ﬂow reactors, shock tubes, and rapid compression machines over a wide range of equivalence ratio, pressure, and
temperature. It includes a detailed description of high- and lowtemperature chemistry. The low-temperature chemistry proceeds
through peroxy- and hydroperoxy-alkyl radicals to ketohydroperoxide species.
The computational domain is a two-dimensional square of
4 mm size using 512 uniformly distributed grid points in both
dimensions. This leads to a spatial resolution of 7.8 lm. The lower
boundary is the inﬂow boundary. We chose a spatially varying
mixture composition at 400 K, 1 atm and uniform inﬂow velocity
of 71.7 cm/s as inﬂow condition. This velocity is the speed of a stoichiometric n-heptane/air ﬂame obtained with the reaction mechanism and transport data at the same conditions. The mixture
composition varies from pure air on the left side of the domain
to a mixture of equivalence ratio of / = 3.5 on the right-hand side

of the domain, see Fig. 1. The upper boundary is implemented as an
outﬂow boundary. At the left and right sides of the domain, periodic-symmetric boundary conditions are applied.
The computations were initialized by establishing a ﬂat horizontal ﬂame front on the grid and then gradually changing the
mixture composition at the inﬂow boundary. The ﬂow is computed
long enough to achieve a quasi-stationary solution of the edge
ﬂame, i.e. a steadily propagating edge ﬂame without changes in
its structure. It would be computationally too costly to follow this
procedure using the most detailed mechanism of 560 species. Instead, we do these ﬁrst steps using a previously developed skeletal
mechanism for n-heptane/air combustion containing 66 species
(M66) [28,29]. Afterward we continue the calculations using a larger mechanism of 139 and then 560 species by adding the new
species with zero mole fraction. The calculations are run long enough until all transients are vanished and a steadily propagating
ﬂame is obtained. Starting from a stable solution for 139 species
we propagated the solution for approximately 1.1 ms to obtain
the ﬁnal solution of 560 species.
We use the deﬁnition of mixture fraction n as proposed by Bilger [30]:

Z¼
n¼

1 ZC
1 ZH
1 ZO
þ

7 W C 16 W H 11 W O
Z  Z ox
Z f  Z ox

The subscripts of Z denote the elements C, H, O. The mixture fraction is normalized by using Z of the fuel Zf and oxidizer Zox streams.
Using this deﬁnition, the mixture fraction at the inﬂow was chosen
using a hyperbolic tangent proﬁle:

nðxÞ ¼

1
1
tanhðax  bÞ þ
2
2

0 6 x 6 Lx

ð1Þ

The parameters a, b, and the domain length Lx can be found in Table
1. They are chosen in a way that there is pure air on the left boundary of the domain and a premixed fuel rich n-heptane/air mixture of
equivalence ratio 3.5 on the right side, see Flame A in Fig. 1. A second case which makes use of the smallest skeletal mechanism M66
will also be discussed. We use this smaller mechanism to study the

10

Local equivalence ratio

ﬂame strain, differential diffusion and gravity effects. In our recent
work on methane/air edge ﬂames we studied NOx production pathways and used Computational Singular Perturbation (CSP) theory
to analyze the chemical structure and timescales found in these
ﬂames [18,19].
In this paper, we present results of a numerical analysis of an nheptane/air edge ﬂame burning into a mixing layer of uniform
velocity using a detailed chemical model of 560 species and 2538
reversible reactions. There are very few detailed studies of edge
ﬂames for n-heptane fuel. Katta et al. [17] showed results of calculations in two spatial dimensions of opposing-jet and co-ﬂow conﬁgurations using three chemical kinetics models involving 52, 160,
and 197 species. This work focused on the differences between the
three reaction mechanisms and their applicability for premixed
and non-premixed ﬂame calculations. In contrast, we put our
emphasis on the detailed description and analysis of the spatially
resolved tip of an edge ﬂame that can be found in these
opposing-jet and co-ﬂow conﬁgurations. There are also studies of
1D opposed-jet conﬁgurations using a partially-premixed heptane
fuel jet [20,21]. This conﬁguration allows the study of the chemistry and interactions of a symbiotic premixed/diffusion ﬂame, but
these are only qualitatively similar to edge ﬂames in 2D or 3D
conﬁgurations.
In the following, we will ﬁrst introduce the numerical scheme
and computational setup and discuss efﬁciency issues of this
large-scale computation. Then we will give a short introduction
into Computational Singular Perturbation (CSP) theory which we
use to analyze the fuel-consumption network and explosive modes
of the ﬂame. Afterward, we analyze the ﬂame structure of the edge
ﬂame, using reaction-ﬂow analysis for the ﬁrst steps of the fuel
consumption and heat-release. A comparison with one-dimensional ﬂames follows to ﬁnd similarities to cuts through the edge
ﬂame and discuss the interactions found in the two-dimensional
edge ﬂame. Finally, we will discuss the accuracy of a skeletal mechanism and exploit it for a parametric study in which we increase
the equivalence ratio in the fuel stream.

B
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4
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Fig. 1. Proﬁles of local equivalence ratios at the inﬂow boundary for ﬂame A and
ﬂame B.

Table 1
Inﬂow parameters and domain sizes of the two triple-ﬂame calculations, see Eq. (1).
Flame

/o

/f

a (mm1)

b

Lx (mm)

Ly (mm)

A
B

0.0
0.0

3.5
10.1

2
8

4
16

4
4

4
4
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effect of increasing the equivalence ratio of the fuel stream in the
inﬂow from 3.5 to 10, see Flame B in Fig. 1 and Table 1.

3. Numerical efﬁciency
The calculations using the complete reaction mechanism were
performed on a CRAY XT4 massively parallel computer [31]. Our
software uses MPI to communicate between the nodes of the
machine and on each node we use OpenMP to utilize their quadcore architecture. The computational domain is partitioned into
rectangular sub-domains. The main computational load is due to
the integration of the stiff chemical source terms and depends on
the mixture composition and temperature at each grid point. To
achieve load balance between the nodes we decompose the domain in a way that each node has the same computational load.
This leads to small partitions in regions of the burning ﬂame. We
test every tenth time step if a re-partitioning became necessary.
A typical partitioning is shown in Fig. 2. The computation using
the full detailed reaction mechanism of 560 species presented in
this paper involved 484 nodes (1936 CPU-cores total) and required
approximately 55 h.
Table 2 lists some timing results for the three reaction mechanisms used in this work. We ﬁnd an approximately quadratic scaling with the number of species. The largest outlier is the M560
calculation using the LINPACK library [32] to solve the linear system that results from using DVODE [33] as the stiff-ODE solver.
By replacing it with the LAPACK library [34] we ﬁnd consistent
computational performance. LAPACK is known for its better conformity to modern computational hardware with respect to cache
utilization [34]. This seems to be the case here as well. Using the
vendor-optimized LAPACK library yields an additional and signiﬁcant performance gain. Another signiﬁcant gain was achieved by
using an analytical Jacobian instead of a numerical approximation.
Finally, the mixed MPI/OpenMP parallelism showed advantages
over a pure MPI implementation. Overall, the wall-clock times in
Table 2 also show clearly the requirement to use a massively parallel computer if large detailed reaction mechanisms are to be
considered.

Table 2
Wall clock time in minutes for a 500 ns timestep using the three skeletal mechanisms.
Twenty-ﬁve nodes with four cores each are used on Franklin of NERSC [31]. If not
noted otherwise, the mixed MPI/OpenMP parallelism is utilized and an analytical
Jacobian is provided.

LINPACK
LAPACK
LAPACK optimized
LAPACK optimized, pure MPI
LAPACK optimized, numerical Jacobian

M139

M66

198
53
22
25
37

1.31
1.50
0.93
1.12
2.02

0.33
0.35
0.28
0.37
0.55

4. Computational Singular Perturbation (CSP)
In this paper, we use CSP to construct a graph of the network of
important fuel-consumption reactions within an edge ﬂame structure. We do this by the automated procedure which produces reduced (skeletal) reaction mechanisms as described in earlier
work [35,29].
It is by now well established that the fastest time scales developing in the dynamics of ﬂames are due to some components of the
chemical kinetics mechanism. These time scales are of dissipative
character and are associated with the existence of large eigenvalues of the Jacobian of the system, which have dominant and
negative real part and are much larger in magnitude than the rest
of the eigenvalues. Such features are essential for the development
of a low dimensional surface in phase space, deﬁned as a slow
invariant manifold (SIM) [36,37]. All neighboring trajectories are
attracted to the SIM under the inﬂuence of the fast dissipative time
scales, while on the SIM, the solution evolves according to the slow
time scales.
The slow evolution along the SIM is governed by a simpliﬁed
system of equations, which is free of the fast dissipative time
scales. The simpliﬁed system is produced (i) by ﬁrst decomposing
the tangent space at any point along the system trajectory into
the fast and slow subspaces, and (ii) by projecting the vector ﬁeld
onto these two subspaces [38,39]. The fast and slow subspaces are
spanned by the fast/slow CSP vectors, respectively, which can be
approximated with CSP via an iterative algorithm [38,40–43].
Therefore, both the SIM and the simpliﬁed system that governs
the slow evolution on the SIM can be algorithmically constructed.
This feature of CSP allows for both an efﬁcient solution of the original stiff system of governing equations and the acquisition of a
deep physical understanding on the evolution of the system and
on the role of each component in the mathematical model.
In particular, the development of the SIM signiﬁes the establishment of various equilibria among the physical process in the mathematical model, i.e. chemical kinetics and diffusion [44,45]. CSP
allows for the identiﬁcation of the processes that participate in
the formation of the SIM (under the inﬂuence of the fast dissipative
time scales) and those that participate in the simpliﬁed system
that governs the evolution on the SIM (according to the slow time
scales) [19,45,46]. The slow time scales that characterize the evolution along the SIM can be either dissipative or explosive. The former related to activities towards further equilibrations and the
later related to activities away from them [47–50].
The evolution equations for the system’s state vector w (species
mass fractions and temperature) can be written as:
R
X
@w
S k Rk ðwÞ;
¼ f ¼ LðwÞ þ
@t
k¼1

Fig. 2. Partitioning of the computational domain to achieve load balance. 484 nodes
are used.

M560

ð2Þ

where L represents the convective-diffusive terms and Sk and Rk are
the generalized stoichiometric vector and the generalized rate of
progress of the k-th reaction, respectively. CSP provides a set of

J. Prager et al. / Combustion and Flame 158 (2011) 2128–2144
i

basis vectors and co-vectors fai ; b gNi¼1 to decompose the right-hand
side of Eq. (2) into a fast fr(w) and a slow fs(w) contribution:

f ¼ f r ðwÞ þ f s ðwÞ ¼

M
X

r

ar h þ

r¼1

N
X

s

as h ;

ð3Þ

s¼Mþ1

with the mode amplitudes hi = bi  f. As a leading-order approximation to these basis vectors we use the eigenvectors of the Jacobian of
the chemical source term [43]. The N modes are ordered with
increasing time scale, the ﬁrst M of which are considered exhausted.
M is the largest number of modes satisfying





M
 Mþ1 X i r 
ar h  < wierror
s


r¼1

ð4Þ

for all components i of the error vector werror. Here, sM+1 is the time
scale of mode M + 1, i.e. the fastest of the slow time scales. The value of M varies with the location in the ﬂame. In this work, we use
an error vector based on absolute abs = 103 and relative
rel = 1013 tolerances:

wierror ¼ rel  wi þ abs :

ð5Þ
Iik

In the analysis, we will use the importance indices that CSP provides. They are a measure of the importance of a reaction k for the
time evolution of species i. We distinguish between importance
indices projected in the fast ’r’ and slow ’s’ subspaces:
j

k
i
j¼1 aj ðb  S k ÞR

P

 P P
 M i j
 M i j 0 
N
R
k0 
0
k0 ¼1 
j¼1 aj bk0 Lk  þ
k0 ¼1 
j¼1 aj ðb  S k ÞR 
PN
j
ai ðb  S k ÞRk
:
 j¼Mþ1
 j P P
¼ P P
 N

j
j
N
N
R
k0 
i
i
0
0
k0 ¼1 
j¼Mþ1 aj bk0 Lk  þ
k0 ¼1 
j¼Mþ1 aj ðb  S k ÞR 

Iik;r ¼ P
Iik;s

PM

We use the importance indices to construct a graph of the network
of important fuel-consumption reactions, employing the model
simpliﬁcation algorithm in [35,29]. The procedure requires a database of system states, computed with the detailed chemical mechanism, and a set of target species of interest. For each state vector in
the database, the algorithm proceeds as follows. It includes reactions, involving the set of included species, that have a normalized
importance index above a selected threshold a:





 Iik;sjr 
 > a:



i
maxðIk;sjr Þ

ð6Þ

k

Slow importance indices are examined for all included species. On
the other hand, fast importance indices are inspected only for CSP
radicals, namely those species that are most associated with the
M fast modes. All species participating in the included reactions
are added to the list of target species, and the procedure is repeated
iteratively until no new species are found. The union of all important species and reactions for all state vectors in the database provides the sought-after skeletal mechanism. In the present context,
we start with the target species n-C7H16, and the algorithm is applied to all locations in a selected region of the edge ﬂame. We plot
the reaction network by selecting only those species in the skeletal
mechanism which contain at least one carbon atom. The value of
the threshold parameter for importance indices a is chosen large
enough to select only the main reactions, but small enough to provide a reaction network which connects the fuel to the ﬁnal product
CO2. The resulting diagram of the reaction network is a skeletal
reaction diagram outlining important pathways. Note that, since
the slow and fast subspaces are studied separately by the algorithm,
as decoupled using CSP, fast reactions do not mask important slow
reactions.
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We will also use CSP to analyze explosive modes in the triple
ﬂame. In analyzing the eigenvalues of the Jacobian of the chemical
source term there can be eigenvalues kexp with a positive real part.
These eigenvalues belong to modes with divergent, explosive
behavior. Their time scale is the inverse of the real part of its eigenvalue: sexp ¼ 1=Rðkexp Þ. We can analyze the explosive mode by the
of a species k with respect to the explosive mode,
CSP pointer Q exp
k
represented by its eigenvector pair aexp and bexp:
exp

Q exp
¼ akexp  bk :
k

ð7Þ

The value of this CSP pointer measures the projection of eigenvector
aexp onto the direction of species k in composition space. Finally, we
of a transport process l
will consider the participation indices Pexp
l
of a chemical reaction k in the explosive mode:
and Pexp
k
exp

b  Ll
 lP
Pexp
¼ P 
0
0
l
exp
exp
 Ll  þ k0 jðb  S k0 ÞRk j
l0 bl0

ð8Þ

exp

ðb  S k ÞRk
 P
P exp
¼ P 
0
0 :
k
exp
exp
 Ll  þ k0 jðb  S k0 ÞRk j
l0 bl0

ð9Þ

These participation indices determine the contributions of transport
processes and reactions to the mode amplitude hexp associated with
an explosive mode.
5. Results
First we will describe the general structure of an n-heptane
edge ﬂame (ﬂame A) obtained using the detailed reaction mechanism M560, and discuss the main fuel-consumption pathways
and reactions that cause the heat-release. We will also discuss similarities to one-dimensional premixed and diffusion ﬂames. In the
second part, we will assess the accuracy of the skeletal mechanism
M66 for computations of the edge-ﬂame conﬁguration. This skeletal mechanism was derived from a database of homogeneous
ignition calculations covering a range of stoichiometries (/ =
{0.5, 1.0, 2.0}) and initial temperatures (T = {1000 K, 1250 K}) [28].
Finally, having established the accuracy of M66, we present a parametric study by varying the amount of fuel in the fuel-rich premixed stream and the thickness of the mixing layer.
5.1. Flame structure
The mole fractions of the fuel and O2 are shown in Fig. 3. The
outline of the edge ﬂame is clearly visible, the fuel is completely
consumed inside the edge ﬂame while oxygen persists at a mole
fraction of approximately 0.1%. The streamlines show the divergence effect of the ﬂow ﬁeld caused by the heat-release in the edge
ﬂame [5]. Diffusion processes do not signiﬁcantly inﬂuence the
species proﬁles of the inﬂow stream prior to the edge ﬂame because of the short time and length scales of the computation
shown here. The divergence effect leads to a spatially wider fuel
distribution, effectively reducing the gradient of fuel concentration
ahead of the edge ﬂame. The temperature isolines are qualitatively
very similar to the contours of the O2 mole fraction and represent
the shape of the edge ﬂame well.
Figures 4 and 5 show contour lines of the main carbon-containing species found in the ﬂame. These plots show the 10%-isolines of
the species mole fractions. The values of the mole-fraction isolines
are also shown. The fuel, CO, and CO2 are the three species with
largest mole fractions since they are the initial carbon-containing
species and the main combustion products. The second most abundant species is C2H4 which is found mostly on the rich side of the
ﬂame but also in the lean branch and at the tip of the edge ﬂame.
The next layer consists of C2H2 which is found mostly in the rich
branch behind C2H4. CH4 and C3H6 are the next most abundant
species but their mole fractions are signiﬁcantly smaller.
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Fig. 4. The 10% mole-fraction isocontours of the main carbon-containing species
n-C7H16, CO, and CO2 are shown. The values of the isolines are also provided.
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Fig. 3. Contour plots of the (a) n-C7H16 and (b) O2 mole fractions. Velocity
streamlines and isolines of the temperature ﬁeld are shown as well. The
temperature isolines span the range between 600 K and 2000 K in 200 K
increments.

5.1.1. Heat-release rate
The heat-release rate ﬁeld in the edge ﬂame is shown in Fig. 6.
The main energy release is found in the ﬂame tip slightly on the
rich side from the stoichiometric mixture fraction line. The heatrelease continues along the lean and rich branches as well, albeit
at a slower rate. Some additional structures can be seen in-between the branches. However, this heat-release rate caused by
the trailing diffusion ﬂame is much smaller than the heat-release
rate in the premixed regions of the triple ﬂame and not clearly visible in this ﬁgure. We ﬁnd heat-release rates of up to 400 cal/cm3 s
in the lean branch outside the isocontour of mixture fraction that
corresponds to an equivalence ratio of 0.5. This shows that there
is a signiﬁcant heat-release rate in a mixture close to the lean ﬂammability limit, indicating the importance of interactions between
the different reaction zones in a triple ﬂame. For comparison, the
maximum heat-release rate of an adiabatic laminar n-heptane/air
ﬂame of equivalence ratio / = 0.4 and 400 K unburnt gas temperature was found to be 40 cal/cm3 s [51]. Similar ﬁndings were
reported by Briones et al. in the case of a methane-air triple ﬂame
[2,13].
We want to analyze the contributions of speciﬁc chemical reactions to the heat-release rate for two different slices through the
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Fig. 5. The 10% mole-fraction isocontours of the second most abundant, carboncontaining species are shown. The values of the isolines are given to show the
relative abundance of the species, i.e. the following order: C2H4 > C2H2 > CH4,C3H6.

triple ﬂame. CSP offers importance indices for the temperature
evolution, and we conﬁrmed for the two slices that these importance indices point qualitatively to the same signiﬁcant reactions
as the direct analysis of heat-release rates.
The ﬁrst slice is a vertical cut along x = 0.182 cm, see the heatrelease rate in Fig. 7. In this ﬁgure we show the total heat-release
rate and the sum of all positive and negative contributions separately. The location is chosen because it coincides with the stoichiometric mixture composition at the inﬂow and cuts approximately
through the region with largest heat-release rate. For comparison,
we also plot the total heat-release rate of the corresponding
premixed ﬂame using the PREMIX tool of CHEMKIN [52]. A stoichiometric mixture at 400 K unburnt gas temperature is used. The
proﬁle is spatially shifted so that the maxima of both curves overlap. We ﬁnd a single peak of the same width in both cases but the
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contributions of chemical reactions are analyzed, see text.
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tions with a negative heat-release rate are only signiﬁcant in the
fuel rich region.
The heat-release in region 1 is mostly caused by reactions that
are also active in the central edge ﬂame region (regions 2 and 3)
but some reactions show a higher rate or are only active in the lean
premixed branch. The dominant ones are:

HO2 þ OH ! H2 O þ O2

ð17:2%Þ

CH3 þ O ! CH2 O þ H ð5:0%Þ
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In region 2, the hydrogen attack of O2 is important (as in region 1).
In addition reactions leading to H2O and the CO2 cause the heatrelease:
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Fig. 7. Heat-release rate along a vertical slice through the triple ﬂame at
x = 0.182 cm. In addition to the total heat-release rate its positive and negative
components are shown as well. This slice is along the stoichiometric mixture
composition at the inﬂow. The heat-release proﬁle of the corresponding stoichiometric, premixed ﬂame is shown for comparison.

The small heat-release peak of region 3 overlaps with the large heat
release in the rich premixed branch. There are some reactions that
show a distinct peak in this region. They are:

maximum heat-release rate is ca. 42% larger for the premixed
ﬂame. The same trend was found for methane/air triple ﬂames
and attributed to lateral heat transport and ﬂame stretch in triple
ﬂames [13]. The analysis of the total heat-release rate shows that
many reactions contribute and that the main reactions are the
same for the cut through the triple ﬂame and the premixed ﬂame.
The two most signiﬁcant ones in the main reaction zone are:

HCCO þ H ! CH2 ðsÞ þ CO ð6:3%Þ

CH3 þ O ! CH2 O þ H ð6:8%Þ
CH2 ðsÞ þ O2 ! CO þ OH þ H ð3:1%Þ
The numbers behind the reactions are the percentages of their contributions to the total positive heat-release rate integrated over the
whole region. The residual heat-release rate downstream of the
main peak is dominated by reactions involving H, OH, H2 which produce H2O and by the conversion of CO to CO2.
The second slice is a horizontal cut through the ﬂame at
y = 0.3 cm, shown in Fig. 8. Again, we show the total heat-release
rate and the sum of all positive and negative contributions separately. Considering the total heat-release rate we ﬁnd a small maximum on the lean side (region 1), a broad plateau between the
branches (region 2), a small peak behind the rich premixed branch
(region 3), and the main peak in the rich branch (region 4). Reac-

CH3 þ O ! CH2 O þ H ð10:9%Þ
C2 H2 þ O ! CH2 þ CO ð5:9%Þ
! HCCO þ H ð4:9%Þ
In the fuel rich branch (region 4), we ﬁnd a variety of reactions
responsible for the heat-release. The production reactions of C3H6
and C2H6 show the largest heat-release rates. Reactions leading to
H2O and CO being the second important ones:

CH3 þ CH3 þ ðMÞ ! C2 H6 þ ðMÞ ð8:6%Þ
C2 H3 þ CH3 ! C3 H6

ð5:6%Þ

OH þ H2 ! H þ H2 O ð5:9%Þ
C3 H2 þ O2 ! HCCO þ CO þ H ð3:9%Þ
HCCO þ H ! CH2 ðsÞ þ CO ð4:4%Þ
In the region of the rich branch we ﬁnd reactions with a negative
heat-release rate. They are mostly thermal decomposition reactions.
The most important one is the decomposition of C2H5 to C2H4. Other
reactions involve the decomposition of C3H7, C4H9, C7H15, n-C7H16.
It is interesting to note that the reactions dominating the heatrelease rate in the lean premixed branch and the non-premixed
central part of this n-heptane edge ﬂame are mostly the same as
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for methane/air edge ﬂames, see e.g. [1]. Only in the rich premixed
branch (region 4), we ﬁnd a set of reactions speciﬁc to the fuel.

n-C7 H16 ! C5 H11 þ C2 H5

5.1.2. Fuel-consumption pathways
Zhang et al. [53] examined the fuel-consumption pathways
using several reduced reaction mechanisms for n-heptane for a
fuel-rich premixed ﬂame (/ = 1.9) and a non-premixed opposedjet diffusion ﬂame. It was found that hydrogen abstraction reactions are the dominant pathway in fuel-rich premixed ﬂames of
n-heptane. Thermal decomposition reactions become important
only at higher local temperatures between 1400–1500 K where
most of the fuel has been consumed already. The principal hydrogen abstractor was found to be the H radical followed by OH and O
radicals. The ﬁndings for the opposed-jet diffusion ﬂame were similar, involving hydrogen abstraction by H radicals is the dominant
fuel-consumption process. Abstraction by OH radicals is found to
be less important than for the rich premixed ﬂame, but now, thermal decomposition gains importance and competes for the main
consumption path.
In Fig. 9 we show the results of a similar reaction-ﬂux analysis
in the case of the edge ﬂame. We plot the 10%-isocontours of the
reaction rates for H-abstraction reactions of n-C7H16 separately
for the attacking radicals H, O, and OH. We sum the reaction rates
leading to different isomers of the heptyl radical. In addition, the
isocontour of the total rate of all thermal decomposition reactions
of n-heptane is shown as well. We also provide the reaction rates
belonging to the isolines to show the difference in importance of
the consumption pathways. As in the work of Zhang [53], we ﬁnd
that H abstraction by the H radical is the dominating process all
along the rich branch and the region around stoichiometric conditions. Only in the lean branch, does H abstraction by OH take over
the leading role:

The H-abstraction reactions lead to the formation of heptyl isomers.
Figure 10 shows the dominant consumption pathways of these heptyl radicals. We ﬁnd the most important processes to be b-scission
reactions:

! p-C4 H9 þ n-C3 H7

C7 H15 ! C5 H11 þ C2 H4
! p-C4 H9 þ C3 H6
! C4 H8 þ n-C3 H7
! C2 H5 þ C5 H10
The thermal elimination of a hydrogen atom is another important
reaction pathway all along the premixed ﬂame branches. Addition0.4
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Fig. 12. Reaction ﬂow diagram of dominating pathways in the rich premixed branch for a horizontal cut through the ﬂame at y = 0.3 cm (region 4), see Fig. 8. Thick arrows
show reactions with a large heat-release rate. Labels next to arrows show reaction partners.

ally, in the preheat zones of the branches we ﬁnd signiﬁcant oxygen
addition reactions typical of the low-temperature chemistry of
heptane:

C7 H15 þ O2 $ C7 H15 O2
The reaction rates leading to this pathway are small compared to
the rates for b-scission so that the reactions of the classical low-
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temperature ignition chemistry are only of minor importance, e.g.
[26,27].

We present the results of such an analysis for the horizontal
slice through the ﬂame at y = 0.3 cm for all the regions separately.
This way it is possible to discuss the different pathways taken in
the rich and lean premixed branches compared with the non-premixed ﬂame in-between. As target species we use n-heptane in the
premixed regions 1 and 4, CO and CO2 in region 3, and CO2 in the
central non-premixed region. The cut-off parameter a on the
importance indices is chosen large enough to only show the main
reactions connecting the fuel to the main products in each of the
regions. Some species appear as local products in the reaction
graphs.
There has been no such study for an n-heptane edge ﬂame in
the literature. Therefore, we compare qualitatively to the work of
Xue [20] who did a reaction-ﬂow analysis for a 1D partially-premixed counterﬂow ﬂame. In their work, a fuel stream of equivalence ratio / = 2.0, and air as oxidizer stream, at near ambient
conditions were used.
Figures 12 and 13 show the results for the two regions 4 and 3.
In the rich branch we ﬁnd mainly three pathways which start from
the products of the b-scission reactions of the heptyl radicals,
which were mainly produced by H abstraction from the fuel molecule. The ﬁrst pathway involves methyl radicals CH3 and proceeds
via CH2O and HCO. The second pathway follows a sequence of
hydrocarbons with successively removed H atoms starting with
C3H6 with a central role played by C3H5 because several pathways
originating from the b-scission products of heptyl radicals, i.e.
C6H12, C5H10, C4H8 and C3H6, proceed via this species. The third
pathway is a similar sequence of hydrocarbons involving C2Hx
and proceeding via C2H2 and HCCO to CO and CO2. In their par-

5.1.3. Oxygen-consumption pathways
Figure 11 shows the main consumption pathways for O2. The
highest consumption rates are found in the vicinity of the premixed branches. It is the attack by the H radical that dominates
this process:

O2 þ H ! O þ OH
Other pathways active along the premixed regions are reactions
with C2H3 (rich branch) and HCO (rich and lean branches):

O2 þ C2 H3 ! C2 H2 þ HO2
O2 þ HCO ! CO þ HO2
The main consumption channel in the diffusion ﬂame is the threebody reaction with H to HO2. In the same region, there is a production pathway back to O2 due to the attack of HO2 by OH, O, and H
radicals (not shown).
5.1.4. Reaction network
In the following, we use a heuristic algorithm based on Computational Singular Perturbation analysis (CSP) to determine the main
reaction network important for the fuel consumption in the edge
ﬂame. We do this by producing skeletal mechanisms in the same
way as has been done for ignition calculations [28,29] but this time
analyzing the chemical states in the edge ﬂame.
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Fig. 13. Reaction ﬂow diagram of dominating pathways in the region of heat-release of the diffusion ﬂame behind the rich premixed branch (region 3). The analysis is
performed for a horizontal cut at y = 0.3 cm, see Fig. 8. Thick arrows show reactions with a large heat-release rate.
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tially-premixed counterﬂow ﬂame, Xue identiﬁed overall the same
three main pathways but there are some differences especially for
the pathway involving C3Hx. They show the central role of C3H5 but
their pathway to CO proceeds via C2H3HCO and via C4H6 which is
produced from C3H3. We do not ﬁnd these two species for the chosen tolerance in our reaction network, the path to CO proceeds via
C3H2. The reason for this discrepancy can be the different reaction
mechanisms used (Held et al. [54] with 41 species and 275 reactions) or the differences between the two ﬂow conﬁgurations.
In case of the rich side of the non-premixed ﬂame (region 3) the
resulting reaction network does not connect CO2 to heptane unless
a very small threshold for the importance indices is chosen. Instead, the reaction ﬂow originates from C2H2 and CH3/CH4 and
does not involve hydrocarbons with more than two carbon atoms
because, in region 3, heptane and the higher hydrocarbons are already completely consumed. The graph starts with C2H2 and CH3/
CH4 because there are no important production reactions for these
species in this region, rather they enter this region of the ﬂame by
transport processes.
To further strengthen this argument, Fig. 14 shows the mole
fractions of species that participate in the main fuel-consumption
pathways and occur in signiﬁcant amount. We see that only C2H2
and CH3 persist into the diffusion ﬂame. The species above them
in the sequence of fuel consumption (network graph of region 4)
are already consumed in the rich premixed branch. Similar conclusions were found in the 1D partially-premixed counterﬂow ﬂame
of Xue et al. [20].
The analysis of region 2, i.e. the non-premixed ﬂame, results
only in a few reactions of the hydrogen chemistry and the conversion of CO into CO2 which are important for the target species CO2,
see Fig. 15. Molecular hydrogen, CO, and O radicals which originate
in the premixed branches can be considered the initial species that
burn in this region of the diffusion ﬂame. This ﬁnding agrees with
previous works on triple ﬂames of other hydrocarbons, e.g. [6,8].
Finally, Fig. 16 shows the main reaction network of the lean premixed branch in region 1. Initially, n-heptane reacts with OH to
produce heptyl radicals. The high abundance of O2, O, and OH favors reaction paths involving these species. O2-attachment/detachment reactions are important for many species but have been
removed from the reaction network for clarity since they do not
participate in the reaction ﬂow to CO and CO2. The pathways to
CO are more complex in the lean branch compared to the other regions. Many pathways proceed via C2H4, C2H3, and CH3, showing
the central role of these species.
Overall, the analysis conﬁrms the qualitative understanding of
an edge/triple ﬂame in that hydrocarbons which remain behind

the fuel-rich premixed branch react in a non-premixed ﬂame with
oxygen-containing species left over from the lean-premixed combustion in the lean branch. Similar to our previous study on a
CH4/air triple ﬂame [19], we also ﬁnd a two-layered structure of
the trailing diffusion ﬂame for the n-heptane/air triple ﬂame. On
the fuel-lean side, it is H2 and CO that feed the diffusion ﬂame.
On the fuel-rich side, instead, it is C2H2 and remaining CH3/CH4
which are burning in the diffusion ﬂame behind the rich premixed
branch.
5.1.5. Explosive modes
CSP offers the opportunity to study chemical processes which
show a divergent behavior and move the system away from equilibrium. These divergent processes lead to modes with eigenvalues
having a positive real part. These so-called explosive modes have
been used recently to analyze the complex two-stage ignition
behavior of n-heptane [49]. It was found that a pair of explosive
modes exists during the ﬁrst stage of the ignition event and a single explosive mode is found during the second stage. The reaction
makeup of the modes during the ﬁrst stage conﬁrmed the accepted
low-temperature branching sequence of n-heptane as controlling
the ignition. The second stage was found to be controlled by
chain-thermal runaway involving branching due to the decomposition of H2O2.
Recently, the analysis of explosive modes was used to identify
the location of premixed ﬂame fronts and study the signiﬁcance
of auto-ignition in a lifted hydrogen/air jet-ﬂame by Lu et al.
[50,55]. It was shown that an explosive mode exists only in the
preheat zone of a premixed ﬂame. This mode was shown to involve
mostly the temperature evolution and partly H radicals. It was concluded that build-up of a radical pool is of minor importance for
the explosive behavior in a premixed ﬂame compared to homogeneous ignition.
In our recent work, we studied the explosive modes in a CH4/air
triple ﬂame [19]. We identiﬁed two regions of explosive behavior:
one in the preheat zone of the premixed branches and the main
one approximately following the isocontours of the CH4 consumption rate. There are two explosive modes in each of these zones.
The dominating mode, i.e. the one with fastest time scale, was
found to involve the temperature evolution, consistent with the
ﬁndings of Lu [50,55]. We also highlighted the importance of
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transport processes in initiating the chemical processes of the
explosive mode.
In Fig. 17 we present the explosive modes in the present n-heptane triple ﬂame similar to the analysis for a CH4/air triple ﬂame
[19]. Up to two explosive modes can be identiﬁed. The real part
of the eigenvalue of these modes is plotted for three cuts through
the ﬂame. Temperature isolines are shown as well for orientation.
We ﬁnd explosive modes in the premixed reaction zones of the triple ﬂame, but most signiﬁcantly at the ﬂame tip and in the rich
branch. In general, there are two regions with explosive behavior,
the main one (with faster time scale, i.e. larger eigenvalue) at temperatures between 1200 K and 1800 K and a second one at low

temperatures between 600 K and 800 K. These ﬁndings are similar
to the results we obtained for the CH4/air triple ﬂame [19]. The
slower explosive mode (dashed lines) plays a role at the boundaries of explosive regions. There, the two real explosive modes
combine, and exhibit a complex conjugate pair of eigenvalues.
The real part of this pair of eigenvalues changes its sign in a narrow
spatial region and the explosive behavior ends.
Analyzing the CSP pointer of the fastest explosive mode at its
maximum in the main explosive region we ﬁnd that it points to
temperature as the variable most affected by the mode. There are
several other species involved as well but to a lesser degree. The
most important ones are: H, O2, OH, O at the ﬂame tip; O2, C3H6,
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C2Hx in the rich branch; and CO2, H2O, O2, and H2 in the lean
branch. The participation indices of the explosive mode, therefore,
indicate reactions and transport terms which participate in the
divergent time evolution of temperature and these species.
In the lean branch we ﬁnd mostly reactions of the CH4/H2 base
mechanism showing a signiﬁcant participation index in the explosive mode. The most important ones with positive index are:

H þ O2 ! O þ OH
CO þ OH ! CO2 þ H
HO2 þ H ! 2OH:
Reactions with large negative participation index are:

H þ O2 þ M ! HO2 þ M
HO2 þ OH ! H2 O þ O2
O þ OH ! H þ O2 :
There is, of course, an ambiguity in choosing the direction (multiplication by 1) of the eigenvector of any mode, and in particular for
the explosive mode of interest. Moreover, the choice determines the
sign of the associated participation indices. In the present explosive
mode analysis, we employ the convention of choosing the direction
of the eigenvector in the direction of increasing temperature. We
ﬁnd that this convention leads to explosive mode participation index signs for the above reactions that are in agreement with the
signs of sensitivity coefﬁcients for these reactions in previous ﬂame
studies [56,57]. In fact, the above reactions exhibit the largest sensitivity coefﬁcients, with the corresponding signs, with respect to
ﬂame velocity in atmospheric lean premixed methane-air ﬂames
[56,57]. Reactions with positive sensitivity coefﬁcients, that increase the reactivity of the system leading to higher ﬂame velocities, exhibit positive participation indices in the explosive mode.
Conversely, reactions with negative sensitivity coefﬁcents exhibit
negative participation indices.

Thus, the analysis of the explosive mode leads here to the same
conclusions as the sensitivity analysis of ﬂame velocity. The central
role of the highly temperature-dependent chain-branching reaction H+O2? O+OH and the conversion of HO2 to two very reactive
OH radicals is conﬁrmed as increasing the reactivity of the chemical system. The conversion of CO to CO2 produces heat without
losing an active radical. The reactions found with negative participation index are leading to the less reactive HO2 or reduce the
amount of radicals in the system, thereby inhibiting the explosive
behavior.
The analysis of the fast explosive mode at the ﬂame tip leads to
similar results. The same reactions are found to promote or inhibit
the explosive behavior. Only the three-body reaction leading to
HO2 lost its importance. In addition, several chain-propagation
reactions (some of which lead to heat-release) become important
in increasing the reactivity of the system. They are:

HCO þ M ! H þ CO þ M
OH þ H2 ! H þ H2 O
CH2 ðsÞ þ O2 ! CO þ OH þ H
CH3 þ OH ! CH2 ðsÞ þ H2 O:
These ﬁndings agree qualitatively with the sensitivity coefﬁcients
for ﬂame velocity in a premixed stoichiometric atmospheric methane-air ﬂame [56,57].
In the rich branch, it is again the reaction H + O2 ? O + OH
which shows the largest positive participation index. The same
reactions found at the ﬂame tip have a positive participation index
in the rich branch as well. But additionally, we ﬁnd reactions speciﬁc to the combustion of larger hydrocarbons that lead to an increased reactivity of the system. In general, these reactions
convert less-reactive species into the very reactive radicals H, O,
and OH which participate in the chain-branching process of the
H2/O2 system. The most important ones are:
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CH3 þ H2 ! CH4 þ H:
In the second explosive region, i.e. in the preheat zones of the premixed branches, the CSP pointer does not point to temperature as
the most important affected variable even though it is still important. This region of explosive behavior is most signiﬁcant in front
of the rich branch of the triple ﬂame in the temperature range between 600 K and 800 K. There, the CSP pointer of the explosive
mode points to species of the low-temperature chemistry of n-heptane. These species are C7H15O2-x and n-C7ketxy with x = {2, 3} and
y = {4, 5}. The following reactions show the largest associated positive participation indices:

C7 H15 O2  x ! C7 H14 OOHx  y
C7 H14 OOHx  y þ O2 ! C7 H14 OOHx  yO2
C7 H14 OOHx  yO2 ! n-C7 ketxy þ OH
CH3 þ HO2 ! CH3 O þ OH
C2 H5 þ HO2 ! C2 H5 O þ OH:
Most of these reactions participate in the low-temperature chainbranching mechanism through ketohydroperoxide species leading
to OH radicals which accelerate the rate of fuel oxidation [27]. Other
reactions with positive index convert the HO2 radical to OH. Reactions with negative participation index are found to lead away from
these pathways. The most important ones are:

CH3 þ O2 þ M ! CH3 O2 þ M
CH3 O þ O2 ! CH2 O þ HO2
C2 H3 þ O2 ! CH2 O þ HCO
C7 H14 OOHx  yO2 ! C7 H14 OOHx þ O2
HO2 þ HO2 ! H2 O2 þ O2 :
Overall, these ﬁndings suggest that there are two different mechanisms responsible for the explosive behavior in the main region inside the premixed branches and in the low-temperature preheat
region. In the premixed branches, thermal runaway of the chainbranching H2/O2 system seems to be the explosive process while
in the preheat region it is the build-up of certain species of the
low-temperature ignition chemistry speciﬁc to n-heptane.
Even though we ﬁnd an explosive mode related to the low-temperature ignition chemistry of heptane, the major ﬂame properties
of the edge ﬂame are not strongly inﬂuenced by it because of the
generally low reaction rates and heat-release rates found in this
low-temperature region ahead of the premixed branches.
By choosing the direction of the explosive eigenvector in the
direction of increasing temperature we found that reactions with
positive participation index increase the reactivity of the chemical
system, thereby promoting the explosive behavior, while reactions
with negative participation index decrease the reactivity, inhibiting explosive behavior. A more detailed analysis of explosive
modes will be the topic of future research.
The CSP analysis of explosive modes has shown a strong similarity to the traditional sensitivity analysis. It has to be pointed
out that a sensitivity analysis of this 2D system would be an enormous task. CSP offers the opportunity to obtain similar information
as a post-processing tool in different regions of the ﬂame which is
clearly an advantage.
5.2. Similarity to one-dimensional ﬂames
For a qualitative understanding of an edge ﬂame it is interesting
to look for similarities to classical one-dimensional ﬂame structures. The simple picture of a triple ﬂame is that it can be thought
of as an ensemble of premixed ﬂames each burning into a different

mixture composition thereby leading to the curved lean and rich
branches of a triple ﬂame. Because of the incomplete combustion
in the lean and rich branches, further combustion can take place
in a diffusion ﬂame in-between the branches. However, there is a
strong interaction between the different ﬂame regions. These
interactions would be stronger the smaller the thickness of the
mixing layer. The diffusion ﬂame is anchored by the ﬂame edge.
But also the premixed branches are strongly inﬂuenced by the high
temperature and radicals that are available in-between the
branches. This can be easily seen by comparing cuts perpendicular
to the ﬂame surface to simple premixed ﬂames. On the rich branch,
for example, the edge ﬂame burns into a mixture of equivalence ratio /  3.5 at 400 K. Such a freely propagating premixed ﬂame is
close to the rich ﬂammability limit for heptane in air at 25 °C
[58]. In previous work, we computed a premixed ﬂame of n-heptane at / = 2.5 and 400 K unburned gas temperature [51]. This
ﬂame, for example, burns with approximately 5.4 cm/s and has a
thermal thickness of 0.28 cm. The rich premixed branch of the edge
ﬂame burns with signiﬁcantly larger speed and has a thermal
thickness between 0.05 cm and 0.08 cm. These quantities can only
be estimated in the two-dimensional conﬁguration of an edge
ﬂame. The exact values depend on how the ﬂame front is deﬁned
and they vary along the premixed branch.
The importance of interactions between the diffusion ﬂame and
the premixed branches for their propagation speed and ﬂamability
limits are well known for methane/air triple ﬂames, e.g. [2].
Analyzing the propagation speed of the leading edge on the
computational grid we ﬁnd that it burns along the stoichiometric
mixture fraction line but with a lower speed compared to a stoichiometric premixed ﬂame. This can also be seen from the lower heatrelease rate in Fig. 7. This is an effect of the ﬂame curvature and is
consistent with the observed minimum of the velocity in front of
the edge of 60 cm/sec caused by the ﬂow-divergence effect [5].
In Fig. 18 we show proﬁles of the heat-release rate for an opposed-jet conﬁguration of partially-premixed fuel and oxidizer
streams. Similar calculations have been performed for heptane by
Xue et al., e.g. [20]. The OPPDIF tool of CHEMKIN [59] is used to obtain these proﬁles. The distance between the nozzles is set to
0.4 cm, i.e. the same as the size of our computational domain for
the edge ﬂame. The inﬂow velocities for both streams are set to
50 cm/s. This value is chosen because it approximately centers
the ﬂame between the nozzles and the width of the ﬂame structure
is similar to the width of the edge ﬂame. Decreasing the inﬂow
velocities leads to wider proﬁles and the magnitude of the heatrelease rate decreases but the qualitative features remain. The

ϕ=2.5/0.1
ϕ=3.5/air
non-premixed

600
3

C3 H5 -a ! C3 H4 -a þ H
C2 H3 þ O2 ! CH2 CHO þ O

Heat-release rate [cal/cm s]

2140

400

200

0

-200

0

0.1

0.2

0.3

0.4

x [cm]
Fig. 18. Proﬁles of the heat-release rate for a one-dimensional opposed-jet
conﬁguration using premixed fuel and oxidizer streams. The equivalence ratios
2.5/3.5/non-premixed are used for the fuel stream (right-hand side). Pure air and an
equivalence ratio of 0.1 are used for the oxidizer stream, see plot legend. The inlet
temperature is 400 K at atmospheric pressure.
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5.3. Dependence on skeletal mechanism
In our previous work, we compared the accuracy of a set of skeletal mechanisms of n-heptane/air combustion in calculations of
laminar premixed ﬂames [51]. These skeletal mechanisms were
developed using CSP based on homogeneous ignition calculations
[28,29] and showed very good accuracy for the calculation of main
premixed ﬂame properties, e.g. ﬂame speeds, main species proﬁles.
We found deviations when very lean or very rich premixed ﬂames
were studied which were caused by differences in the extent to
which the low-temperature ignition chemistry was represented
in the skeletal mechanisms. Only one of the mechanisms is considered here. It consists of 66 species and 326 reversible reactions
(M66). It was developed from a database of homogeneous ignition
calculations at constant volume using equivalence ratios /
= {0.5, 1.0, 2.0}, initial temperatures T = {1000 K, 1250 K} and
1 atm initial pressure. By using these initial temperatures, lowtemperature ignition chemistry was implicitly neglected. This
way, a relatively small skeletal mechanism results that yields good
results if low-temperature chemistry is of minor interest. We
found the most signiﬁcant deviations from the detailed mechanism
in a premixed ﬂame of equivalence ratio / = 2.5. There, low-temperature chemistry leads to a secondary peak of heat-release in
the preheat zone at temperatures around 700 K. This secondary
heat-release alters the temperature proﬁle and leads to higher concentrations of radicals involved in the low-temperature chemistry
like OH, HO2, and H2O2 [51].
It is interesting to see if there are such effects in the 2D triple
ﬂame studied here since the premixed branches burn a mixture
spanning a wide range of lean and rich equivalence ratios. The
heat-release rates obtained with both mechanisms are shown for
several horizontal cuts through the triple ﬂame in Fig. 19. The ﬁrst
cut is done through the location of maximum heat-release rate.

The following cuts are done at increments of 0.78 mm downstream
from this location. We ﬁnd overall, a very good agreement between
the two mechanisms. The maximum heat-release rate is only 2%
lower for M66. On the rich side, we ﬁnd a small spatial shift in
the proﬁles which grows in the downstream direction. The edge
ﬂame calculated with M66 is slightly narrower on the rich side.
The reason for this difference is not clear at this point. It might
be caused by the small difference in heat-release which would
inﬂuence the expansion and divergence of the ﬂow ﬁeld.
Overall we do not see a signiﬁcant effect of the removed lowtemperature chemistry of M66 in the heat-release proﬁles compared to the ﬁndings in rich premixed ﬂames [51]. The heat-release
rate is much larger along the branches of the edge ﬂame hiding the
small effect of low-temperature chemistry.
In Table 3 we compare the maximum mole fractions of species
participating in the main reaction ﬂows – i.e. Figs. 12, 16, and 15 –
that result from using the skeletal mechanism M66 with the results of the complete reaction mechanism M560. The largest errors
occur for species that exist as several isomers and for larger hydrocarbons in general. Most of the species show larger mole fractions
because the species in Table 3 participate in the major reaction
ﬂows and competing reaction channels were removed to obtain
the skeletal mechanism. Once the chemical system reaches species
of the CH4 base mechanism, the differences between the two

1500

M560
M66

max heat release

3

Heat release rate [cal/cm s]

temperature of both inﬂows is 400 K and atmospheric pressure
conditions are used. Several calculations are shown using different
equivalence ratios in the fuel and oxidizer streams.
The ﬁrst one is for a non-premixed fuel stream (entering on the
right side of the domain) and pure air as oxidizer. We ﬁnd a single
peak of heat-release on the fuel side and a broad lower peak on the
oxidizer side. In the second calculation a premixed fuel stream is
used at an equivalence ratio of 3.5. This introduces a second peak
located on the fuel-stream side of the ﬁrst one while the wide lower peak on the oxidizer side persists. This second peak is caused by
the rich premixed ﬂame close to the fuel nozzle and grows relative
to the ﬁrst one, the more oxidizer the fuel stream contains. The last
calculation uses an equivalence ratio of 2.5 on the fuel-rich side
and 0.1 for the oxidizer stream. This leads to two distinct peaks
of heat-release of the lean and rich premixed ﬂames and a plateau
in-between. The main peak found for the non-premixed case almost vanishes and is overlapped with the main peak of the rich
premixed ﬂame on the fuel-stream side. The qualitative features
are the same as seen for the horizontal cut through the edge ﬂame
at y = 0.3 cm, i.e. in the region behind the ﬂame tip, see Fig. 8, even
though in the edge ﬂame we have pure air on the oxidizer side and
an equivalence ratio of 3.5 on the fuel side. The variation of heatrelease rate with equivalence ratio obtained with OPPDIF is qualitatively similar to earlier works on methane/air triple ﬂames, e.g.
[2] and heptane ﬂames [20]. These 1D calculations were used successfully to study the inﬂuence of the equivalence ratio of the fuel
stream and strain rates on the structure and chemistry of partiallypremixed ﬂames. Xue et al. [20] studied especially the main chemical pathways and the interactions of diffusion ﬂame and the rich
premixed branch. Qualitatively the ﬁndings agree with the results
of our edge ﬂame, even though there are quantitative differences
caused by the more complex structure of this 2D ﬂame.
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Fig. 19. Heat-release rate proﬁles for horizontal cuts through the triple ﬂame for
the two mechanism M560 and M66. The ﬁrst cut is at the location of maximum
heat-release rate. The following cuts are done for an additional 0.78 mm
downstream.

Table 3
Difference in the predicted maximum mole fractions of species belonging to the main
reaction ﬂows of Figs. 12, 16, and 15 by the skeletal mechanism M66. Values are in
percent relative to the full model M560.
Species

M66 [%]

Species

M66 [%]

C7H15-1/-2/-3
C4H8-1
n-C3H7
CH3
CH4
CH3O
CH2O
HCO
pC4H9
HCCO
CO
CH2
H2
O
H2O

+61/+44/+32
+25
+57
+2
+12
+79
+20
3
+41
+5
+1
+2
+1
4
+0

C2H6
C2H5
C2H4
C2H3
C2H2
C3H6
C3H5-a
C3H4-a/-p
C3H3
C3H2
CO2
CH2(s)
H
OH
HO2

+6
4
+5
+1
+2
+12
+11
+20/42
+12
+15
+0
+3
2
+0
2
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Fig. 20. Real part of the fastest explosive mode for the ﬁrst horizontal cut through
the triple ﬂame (y = 0.2 cm) using M560 and M66, see Fig. 17.

mechanisms M560 and M66 are small. The reactions of the base
mechanism are mainly responsible for heat-release, therefore we
ﬁnd a good agreement in this respect.
To measure the propagation speed of the edge ﬂame relative to
the unburned gas we track a temperature isoline (1000 K) as a
function of time. We only use a time interval in which the edge
ﬂame propagates at constant speed, i.e. we neglect the initial transients. We obtain the same propagation speed of 76 cm/s for the
two mechanisms M560 and M66. This is approximately 4 cm/s faster than the propagation speed of the corresponding stoichiometric
premixed ﬂame.
It is also interesting to see if the structure of explosive modes
found using the full mechanism M560 is reproduced by the skeletal
mechanism. Figure 20 compares the eigenvalues of the fastest
explosive mode for a horizontal cut through the ﬂame at
y = 0.2 cm. We ﬁnd a good agreement for the mode structure of
the main explosive region in the rich premixed ﬂame and mostly
in the lean premixed ﬂame. The explosive region on the low-temperature side of the rich premixed branch is almost completely
missing in the case of the skeletal mechanism M66. As shown earlier, this region is dominated by the low-temperature ignition
chemistry of n-heptane which was intentionally neglected in
developing M66. The same conclusions can be drawn for a vertical
cut through the triple ﬂame along the stoichiometric line (not
shown).
Overall, the skeletal mechanism M66 is found to be accurate in
predicting the major ﬂame properties – e.g. temperature, propagation speed, mole fractions of major reactants, products, and species
of the methane base chemistry – at an approximately 72 fold reduced computational cost, see Table 2. Low-temperature effects,
as found for very lean or very rich premixed ﬂames, are of minor
importance in this edge ﬂame. This is because the interactions between the different zones of the edge ﬂame enhance the burning
intensity of the premixed branches in relation to the small effects
of low-temperature chemistry.
5.4. Dependence on equivalence ratio in fuel stream
We use the skeletal mechanism M66 to study the inﬂuence of
the amount of fuel in the premixed, fuel-rich stream (ﬂame B).
The mixture composition at the inﬂow boundary is varied between
pure air and about / = 10 at the right-hand side which increases
the amount of fuel and the mixture-fraction gradient in front of
the edge ﬂame, see Fig. 1 and Table 1. All other parameters remain
the same. We compare this computation to the calculation of ﬂame
A using the same mechanism M66.
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The resulting heat-release rate, together with three isolines of
mixture fraction, are shown in Fig. 21. The three isolines correspond to the equivalence ratios 0.5/1.0/2.5 at the inﬂow boundary.
The comparison with ﬂame A, visually the same as Fig. 6, shows
that the increased mixture-fraction gradient leads to a narrower
ﬂame structure with increased curvature. This large mixture-fraction gradient at the inﬂow is reduced signiﬁcantly with y-distance
up to the ﬂame edge by diffusion and the velocity divergence before the ﬂame tip. The lean and rich premixed branches can be
identiﬁed even though they are much less pronounced and do
not reach as far downstream as in ﬂame A. Instead, the heat-release in the trailing diffusion ﬂame downstream from the edge
gains importance. The maximum heat-release rate at the tip of
the edge ﬂame is 20% smaller than for ﬂame A (both calculated
with M66).
A horizontal cut through ﬂame B at y = 0.3 cm is shown in
Fig. 22. For comparison, we also show the heat-release rate proﬁle
for a cut at y = 0.25 cm through ﬂame A obtained with the same
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Fig. 21. Heat-release rate [cal/cm3 s] for ﬂame B and skeletal mechanism M66.
Three isolines of mixture fraction are shown as well, corresponding to the
stoichiometries 0.5, 1.0, and 2.5 at the inﬂow.
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Fig. 22. Heat-release proﬁles along a horizontal cut (a) through y = 0.3 cm for ﬂame
B and (b) through y = 0.25 cm for ﬂame A using the skeletal mechanism M66. The
numbers denote points were the contribution of single reactions to the heat-release
is analyzed, see text.
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mechanism M66. These two cuts are at the same distance downstream from the location of maximum heat-release rate.
The total heat-release rate resembles qualitatively the one we
ﬁnd for the one-dimensional opposed-jet conﬁguration using pure
air as oxidizer stream and a premixed fuel stream of /  5 in the
fuel stream, compare to Fig. 18. This shows that this cut through
ﬂame B is closer to the limit of a pure diffusion ﬂame as compared
to ﬂame A.
The heat-release rate shows a broad peak on the lean side, the
main peak slightly on the rich side of the stoichiometric mixture
fraction, and a smaller peak on the rich side. In addition, there is
an extended region with negative net heat-release. Compared to
ﬂame A, the small heat release peak in the lean branch is not present and the two peaks on the rich side are now well separated and
swapped their importance. Moreover, the positive and negative
contributions to the total heat-release show additional structure.
Apart from the broad peak in the lean region (1), there are three
distinct peaks of positive heat-release (2–4). Also the negative contribution shows three peaks.
A closer look at the individual reaction rates shows that essentially the same reactions as in ﬂame A determine the heat-release.
Instead of occurring in a small region around the premixed branch,
heat-release is spread out in layers in this cut through ﬂame B. The
broad peak of heat-release rate (peak 1) is caused by H reacting
with O2, the production of H2O from H and OH, and the production
of CO2 from CO and OH. The main peak (2) is mainly caused by
reactions involving O radicals and the subsequent reaction of
HCCO:

CH3 þ O ! CH2 O þ H
C2 H2 þ O ! CH2 þ CO
! HCCO þ H ! CH2 ðsÞ þ CO
These reactions contribute to peak 3:

OH þ H2 ! H þ H2 O
C3 H3 þ H ! C3 H2 þ H2
CH3 þ H þ ðMÞ ! CH4 þ ðMÞ
Finally, peak 4 reﬂects C3H6 being produced by CH3 and to a smaller
extent the consumption of C3H5:

CH3 þ CH3 þ ðMÞ ! C2 H6 þ ðMÞ
C3 H5 þ H ! C3 H6
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Fig. 23. Mole fractions of major carbon-containing species and O2 for a horizontal
cut through ﬂame A at y = 0.25 cm compared to a cut at y = 0.3 cm through ﬂame B
using M66. The cuts are 0.16 cm downstream from the point of maximum heatrelease rate in both cases. Arrows indicate the regions with signiﬁcant heat-release
of the trailing diffusion ﬂame.
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Figure 23 compares the mole fractions of the major species in both
ﬂames A and B for the same horizontal cuts as before. In both cases,
the sequence and relative abundance of species originating from nheptane are qualitatively the same. This is remarkable since ﬂame A
burns mainly as a rich premixed branch and ﬂame B mostly as a diffusion ﬂame. In case of ﬂame A we still see the remains of the lean
premixed branch on the left side of the domain. Arrows mark the
regions behind the rich premixed branches where the distinct peak
of heat-release occurs as part of the trailing diffusion ﬂame, i.e. region 3 for ﬂame A and region 2 in ﬂame B, see Fig. 22. Because the
rich premixed branch almost vanished in ﬂame B the mole fractions
of important species are much larger in the region of the trailing diffusion ﬂame, especially C2H2 and CH3. This leads to the pronounced
heat-release in the trailing diffusion ﬂame.
From a global perspective we ﬁnd that ﬂame B is burning with a
propagation speed of 60 cm/s compared to 71.7 cm/s for the stoichiometric, adiabatic ﬂame. The edge ﬂame is receding on the computational grid. This behavior is in agreement with theoretical
predictions for edge ﬂames having a curvature larger than a certain
critical value, see for instance [4].

6. Conclusions
We presented the ﬁrst in-depth analysis of the structure of a 2D
n-heptane edge ﬂame using detailed models for chemical reactions
and transport properties. The dominant fuel-consumption pathways and processes of heat-release were examined in the different
reaction zones behind the triple point. We found that the trailing
diffusion ﬂame has a two-layered structure fueled by C2H2 and
CH3 on the rich side and H2 and CO on the lean side. The hydrocarbons with largest concentrations are the fuel, CO, CO2, C2H4, and
C2H2. We used CSP to identify dominant skeletal chemical kinetic
models comprised of important elementary reaction pathways in
different ﬂame regions. We also used it to analyze the structure
of explosive modes in the triple ﬂame and found a dominant mode
in the premixed ﬂame branches associated with thermal runaway
processes and a second mode in the low-temperature region ahead
of the branches related to the low-temperature ignition chemistry
of n-heptane.
By comparing cuts through the edge ﬂame structure to corresponding one-dimensional premixed and partially-premixed
ﬂames we found qualitative similarities. Partially premixed counterﬂow ﬂames proved to be valuable to understand qualitative features of the 2D edge ﬂame.
Moreover we analyzed the accuracy of a skeletal mechanism for
n-heptane combustion involving 66 species instead of 560 contained in the full model. It was developed using CSP from homogeneous ignition calculations neglecting the low-temperature
chemistry. We found good agreement in the overall structure of
the edge ﬂame and its main properties: temperature, heat-release,
and propagation speed. The species belonging to the CH4 base
mechanism were found to be well predicted. Larger hydrocarbons
showed signiﬁcant deviations. Because the main ﬂame properties
were well reproduced, neglecting low-temperature ignition chemistry is not found to be important for these properties.
We also used the skeletal mechanism to study the change in
structure of the edge ﬂame when the amount of fuel in the partially-premixed fuel stream is increased. As expected, we ﬁnd a
ﬂame structure closer to that of a non-premixed diffusion ﬂame.
The premixed branches are shorter, the maximum heat-release
rate is decreased consistent with the increased curvature of the
edge front. The propagation speed is found to be smaller than that
of a stoichiometric premixed ﬂame. A distinct heat-release
structure of the diffusion ﬂame can be found. This heat release is
caused by the same reactions as in the computation with smaller

2144

J. Prager et al. / Combustion and Flame 158 (2011) 2128–2144

equivalence ratio in the fuel stream, also the sequence and relative
amounts of the main hydrocarbons is similar in the two edge
ﬂames. Since the rich premixed branch burns with a lower intensity, the concentrations of hydrocarbons reaching the diffusion
ﬂame is larger where they ﬁnally burn.
The present computation using the complete chemical mechanism for n-heptane can be used as a comprehensive dataset for
the development of smaller, reduced mechanisms speciﬁc for
application in edge ﬂame computations. This dataset can also serve
as a benchmark for other reduced mechanisms found in the
literature.
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